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1 Introduction

Critical conseration decisionsoften have to be madefrom widely scatteredocal datathat
may shav whatappeargo be contradictorytrends. Traditionally, eachtrendwasexaminedinde-
pendentiyto determingf they shaw statisticallysignificantresults.Thisapproach—determinirtie
proportionof studiesindividually exhibiting statisticalsignificancein the prescribeddirection—is
known as*“vote counting” in the meta-analysiditerature,andis inherentlyflawed (Hedgesand
Olkin 1985). Hedgesand Olkin (1980)shaved thatasthe numberof studiesbecomedarge, the
proportionof studiesyielding significantresultsis approximatelythe averagepower of thetest.

Herewe suggesanimprovedapproachOur goalis to obtainthe mostpowerful estimatesand
still modelthe variationamongsites.

2 A Mixed Model Approach

We beagin with the simplestof models.Let X;; bethe estimateof abundanceof nestingfemales
ateachsitei in yeart. We will examinethe simplestpossibledynamicmodelfor eachsite, given
thateachsite beganwith aninitial numberof nestingfemalesin thefirst yearof the study i.e. at
t = 0 eachsite hadxjp nestingfemales.If eachpopulationis changingat a constantateover the
periodof time of the censusesye have

Xit = Y€l

wherer;j is theinstantaneougateof populationchange Xig is theinitial populationsizeof theith
populationandegj; is theerrorin theestimateof alundanceanddeviationsfrom theassumednodel
(sometimesalled“processerror”).

It is unlikely thatall the nestsiteswill have exactly the samerate of change,sowe will in-
vestigatea simplemixed effect modelwherewe assumehatr; ~ N(i, 0%), wherey is themean
instantaneougateof changen populationsizefor the nestingsitesanda? is the varianceamong
populations.

We will investigatewo approacheto theabove model: (1) we log transformthe dataanduse
alinearmixedmodeland(2) we will usetheraw countsanduseageneralizedinearmixedmodel.
the secondapproachs moreflexible, andcanhandleyearsin which no turtleswereobsened, but
thefirstis easietto implementandunderstand.

3 ALinear Mixed Mode€

First,we canlog transformtheabove model.Let x;; = logX;;, thenwe have

Xit = Xio + it + €it.
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Now r; canbe interpretedasa slope,andxjp canbe interpretedasan intercept. The initial pop-
ulation numberis also obsened with error so that it is clearerif we definethe true initial log
alundancdo bea parameterd; = truexjo, whichwe will estimate.Theabove equationbecomes

Xit = 0 +rit + &it.

The nestingsitesvary in size and suitability for nesting,and thesepropertiescan be thoughtof
asintrinsic to eachsite, andunrelatedo ary othersite. Sincethe interceptfor eachnestingsite
determineghe initial density we treatthe interceptsas site-specificfixed effects. The rate of
changeof the populationateachnestingsite,however, mayreflectlargerscalephenomenauchas
climateor managemenpolicies. Thereforewe modelthe slopefor eachnestingsite asa random
effect.

We usedrestrictedmaximumlik elihood (REML) to fit the linear mixed models. REML can
be thoughtof asan adjustmento the degreesof freedomaccountingfor the fixed effects, giving
unbiased/arianceestimategSearleetal. 1992).Thelik elihoodratiotest(Irt) wasusedto compare
thefit of differentmodels.

We estimatedhe parameter®f this modelundertwo differentassumptiongor €;;. First, we
assumedhat the varianceof ;; is the samefor all sites. Thatis, we assumehate;j; ~ N(0,02),
whereo? is estimatedrom the data. An alternatve approachis to assumehatthe variancesare
primarily dueto factorsunrelatedo samplesize,andestimatea separateariance g; for eachsite.

For loggerheadsye were interestedn if the populationgronth rate haschangedafter the
introductionof TEDsin 1989.We thusfit the piecaviselinearmixedmodel:

Xit _ )(ioerit+ri*t*+8it

wheret* < 0if t < 1990andt* =t — 1989otherwiseandr; is thedifferencein theinstantaneous
rateof populationchangebeforeandafter TEDswereintroduced.

4 A Generalized Linear Mixed M odel

In orderto testthe robustnessof our approachwe investigatedalternatve model formula-
tions. Alternatively, we assumedhatthe residualvariationin the abose modelwasdescribedoy
a gamma,asopposedo a lognormal,distribution. For this model,we useda generalizedinear
mixed modelwith alog link anda gammaerrordistribution. The variationof r amongsiteswas
still consideredsaussian.Theseparametersvere estimatedusing the generalizedinear mixed
modelmethodsdevelopedby WolfingerandO’Connell (1993).

5 Obtaining an overall estimate of population changes

The abore modeldoesnot provide an estimateof the total populationchangeover time. One
approacttanbeusedif trenddatais availablefor all sites,thoughat somesitesvery limited data
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might be available. In this casewe canincludeall reliable dataand obtain predictions(BLUP)
from amixedmodelfor eachsiteandyeat

6 Data

6.1 Loggerheads

We useddatafrom beachsurweys of nesting. We have limited our analysisto beachesvhere
we believe the effort hasbeenrelatively constantover time by including only the yearswhere
consistentengthof beachwas surweyed andsurey startdateswere similar (within a two week
time period). However, for Geogia this information was not available and the assumptiorof
consistenteffort may not always be true, particularly for the early years. We view this asthe
greatestincertaintyin theanalysis.Theloggerheadhestingdatahasbeendividedinto two groups,
the northernsubpopulatiorandthe southernsubpopulation.The northernsubpopulationncludes
thebeache@ North Carolina,SouthCarolina,Geogia,andnorthernFlorida. We combinedesults
for two differenttime periods:1979-199%nd1989-1999 We believe thatthe datafrom themore
recentperiodaremoreconsistent.Thefollowing tableshavs the beacheshatareincludedin the
analysis.
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Subpopulation State Beach Distancesurveyed Dateof first suney
northern North Carolina Capelookout NationalSeashore ? ?
northern North Carolina Bald HeadlslandConserancg/ 15miles 5/15
northern North Carolina HammocksBeachStatePark 3 miles 5/15
northern North Carolina CampLejeuneMarineBase 6.8miles 5/24
northern SouthCarolina Capelsland ? ?
northern Geogia Blackbeardsland ? ?
northern Geogia Cumberlandsland ? ?
northern Geogia Jelyll Island ? ?
northern Geogia Little Cumberlandsland ? ?
northern Geogia Little St. Simonslsland ? ?
northern Geogia Tybeelsland ? ?
northern Geogia Ossabw Island ? ?
northern Geogia Pinelsland ? ?
northern Geogia Sapeldsland ? ?
northern Geogia St. CatherinesiIsland ? ?
northern Geogia Sealsland ? ?
northern Geogia St. Simonslsland ? ?
northern Geogia Wassav Island ? ?
northern Florida FlaglerCo. 24.1km 4/25-5/1
northern Florida WashingtorOaks 1.1-1.2km 5/1
northern Florida AnastasieSRA 7.2km 5/1
northern Florida Fort Mantanzas\M 11.2-11.3km 5/14-5/27
northern Florida PonteVedraS 23.6km 4/28-5/10
northern Florida GuanaRiver SP 6.7-6.8km 5/1-5/15
northern Florida Amelialsland 14.4-14.5%m 5/1
northern Florida Ft Clinch SP 3.7km 5/1
southern Florida Hutchinsonisland 36.5km 4/10-4/24
southern Florida BrowardCo. Beaches 34.7km 3/1
southern Florida J.U.Lloyd SRA 3.9km 4/20-4/30
southern Florida BocaRatonBeaches 8.0km 3/1
southern Florida MacArthur SP 2.9km 3/1-3/10
southern Florida Casg Key 11.8km 5/1
southern Florida SiestaKey 9.0km 5/1

A neggative correlationwasfound betweenabundanceanddateof first nestfor CapeHatteras
NationalSeashord\orth CarolinaandPealslandNationalWildlife Refuge North Carolina.These
beachesvereleft out of the analysis.CapelLookout NationalSeashore\orth Carolinais believed
to bestandardizeafter 1990sothis beachwasincludedeventhoughthereis no distancesurveyed
or first dateof surwey. For oneof the Geogia beachesdl.ittle Cumberlandsland,therehasbeena
large amountof beacherosion.We decidedto keepthis beachin the analysisbecausehis repre-
sentsnaturalvariationamongbeachesandthe turtlesfrom thatbeachprobablynestecdelsavhere
in the region. A secondanalysiswas performedfor the northernsubpopulatiorieaving out the
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Geogiabeachedbecausehereliability of thatinformationis not known atthis time.

6.2 Leatherbacks

Distanceof beachcoveredandsurwey startdatewereknown for someof thebeache®bsenred
for leatherbackesting.Again, we tried to useonly the yearswith consistentoverage.The data
wereseparatethto threeareador analysidbecauséheoveralltrendsdifferedfor thesethreeareas.
Theseareasare: SouthAmerica, St. Croix (US Virgin Islands),andFlorida. For Floridawe have
limited our analysisto beachesvherewe believe the effort hasbeenrelatively constanbover time
by includingonly the yearswhereconsistentengthof beachwassureyedandsurwey startdates
were similar (within a two weektime period). However, for SouthAmericaandthe US Virgin
Islandsthis informationwasnot availableandthe assumptiorof consisteneffort may not always
betrue,particularlyfor the earlyyears.Thefollowing tableshavs the beacheshatareincluded.

Area Beach Distancesurneyed Dateof first surney
Florida Hutchinsonisland 36.5km 4/8-4/18
Florida Jupiter/Jund@@each 9.6km 2/15-3/1
Florida Jupiterisland 13.7km 3/1-3/3
Florida MacArthurSP 2.9km 3/1
Florida HighlandBeach 4.8km 4/1-4/15
Florida BrowardCo. Beaches 34.7km 3/1
Florida S BrevardBeaches 40.5km 4/26-5/8
S.America Yalimapo,FrenchGuiana ? ?
S.America Galibi, Suriname ? ?
S.America Matapica,Suriname ? ?
USVirginlislands St. Croix ? ?

7 Results

We fit avarietyof modelsto eachdataset: with lognormal,gammapr extra-Poissorvariability
in theobsenationerror, with separaterrorvariancegor eachbeachandwith andwithoutoutliers.
We foundthattherewasrelatively little differenceamongthesemodelsfits, but thatthe separate
errorvariancewasusuallyneededFor simplicity we will reportthe lognormalerrorwith separate
errorvariances{sour primaryestimates.

7.1 Loggerheads
7.1.1 Georgia

As an example,we first considerthe beachesn Geogia individually from 1979-1999.The
estimate®of theslopeif eachnestingsiteis fit individually by OLS regressiorare:
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Nest i ng Par amet er St andar d T for HO:

Site Estimate Error  Paraneter=0 Prob > |T|
BKB 0. 005577 0. 01366527 0.408 0. 6878
CuM 0. 007004 0. 01254062 0. 559 0. 5860
JEK 0. 015879 0.01160858 1.368 0. 1903
LC -0. 092834 0. 00900179 -10. 313 0. 0001
LS| 0. 041901 0. 03072965 1.364 0. 2026
0SS 0.017643 0.01747988 1. 009 0. 3270
PIN -0.011962 0. 03620422 -0. 330 0. 7473
SAP 0. 057755 0. 02783523 2.075 0. 0622
SCl -0. 011230 0. 01948592 -0.576 0. 5760
SEA 0. 073510 0. 04804723 1.530 0. 1604
SSI -0. 192613 0. 06439019 -2.991 0. 0152
TYB -0.001411 0. 08965388 -0.016 0.9878
WAS 0. 024396 0. 01453494 1.678 0. 1096

Note that therearetwo nominally significantdeclines(LCIl and SSI), but 8 of the 13 slopesare
positive.

We now considerthe mixed modelresults. The estimatefor the meaninstantaneousate of
changep, was—0.003(s.e.= 0.015). The standarddeviation of r amongsites,o;, wasestimated
to be0.04,andthe standardieviation of the error, o, wasestimatedo be 0.43.

If we allowedseparaterrorvariancedor eachsite, 1 is estimatedo be slightly positive (i =
0.002,s.e.=0.01),andwith lessvariationamongsites(G; = 0.03).

Similar resultswereobtainedfor thetime periodfrom 1989to 1999whenthe nestingdatais
believedto be morereliable,i.e. therewasno evidenceof anoverall changean the populationsn
Geongia.

7.1.2 Northern USpopulation

In thisanalysiswefit thedatafrom 1978-1989with one“r” andthedataafterwith asecondr”
(r*) usinga piecawvise linearmodel. In theresultsbelow, the“r” for the early periodis estimated,
thenthechangdn “r’ is addedon, all in the samemixedmodel.

error separate year estimate sepred df
error
variance
lognormal no >1978 r=-0.026 0.015 25
lognormal no >1989 r*=0.054 0.022 18
lognormal yes >1978 r=-0.030 0.012 25
lognormal yes >1989 r*=0.059 0.017 18
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The effect of the mixed modelanalysisfor the northernUS loggerheadbopulationsis clear
whenexaminingthedata(Fig. 1). Eachpointin theplot representshe numberof log transformed
nests.Notethatwhenthereareoutliers,the mixedmodelfits downweighttheseoutliers.
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Figurel: Plotsof log transformedestcountsfor thebeachesn thenorthernUS subpopulatiomf loggerheadurtles.
Eachpointis anobsenation, the solid line is the ordinaryleastsquaredit, andthe dashedine is the BLUP from the
mixed model. The mixed modelfits comefrom a modelthatassumes separaterror variancefor eachbeach.The
verticaldashedine marksthe yearthat TEDswerefirst employed.

The upshotis: eitherno changeor a decreasérom 1978to 1989(dependingon which model
you consider),and a probableincreasefrom 1989to 1999. The magnitudeand statisticalsig-
nificanceof the increasedependaiponthe exactimplementationof the model, but the effect is
suggestiein all analyses.
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7.1.3 Northern USpopulation - Georgia not included

Oneproblemwith the analysisof the northernUS populationis thatthe reliablity of the data
from Geogiais notknown. The othersiteshadbothdistanceof beachsurveyedandthe startdate
of the surwy, informationthatwasmissingfrom the Geogia data. To assessherobustnes®of the
previousresultswe fit the samemodelasbefore,but this time omittedthe Geogia sitesfrom the

analysis.

error separate year estimate sepred df
error
variance
lognormal no >1978 r=-0.002 0.026 12
lognormal no >1989 r*=0.049 0.034 7
lognormal yes >1978 r=-0.011 0.019 12
lognormal yes >1989 r*=0.048 0.028 7

WhenGeogiais left out of theanalysishe parameteestimate®btainedaresimilar, resulting
in similar trends but theseresultsareno longerstatisticallysignificant.

7.1.4 South Florida L ogger heads

Theresultsfor the southFloridaloggerheadsare:

error separate year estimate sepred df
error
variance
lognormal no >1978 r=0.054 0.022 6
lognormal no >1989 r*=-0.011 0.028 1
lognormal yes >1978 r=0.055 0.014 6
lognormal yes >1989 r*=-0.015 0.021 1

In summaryfor southFloridathe modelwith the separateerror variancedor eachbeachthe
populationhasbeengrowing with af = 0.054(s.e.0.022)sincel979.Whenanadditionaltermis
addedfor the periodsincel1989,thereis notasignificantchanggr* is estimatedo be-0.011(s.e.
0.028)).Notethatthedirectionof changds the oppositesignasfor the northernpopulation.
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Figure2: Plotsof log transformedestcountsfor thebeache#n thesoutherriJS subpopulatiorf loggerheadurtles.
Eachpointis anobsenation,the solid line is the ordinaryleastsquaredit, andthe dashedine is the BLUP from the
mixed model. The mixed modelfits comefrom a modelthatassumes commonerrorvarianceamongbeachesThe
verticaldashedine marksthe yearthat TEDswerefirst employed.

We alsodisplaythe estimatedotal numberfor the northernand southernpopulationsof log-
gerheador the surweyed beachegFig. 3). In theseplots, we summedthe predictednumbersin
theindividualregressiong@ndthe mixedmodelsestimateso estimatehetotalnumberin theareas
surweyed.
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Figure3: Plotsof predictechestcountsfor thebeaches thenorthernandsoutherrJS subpopulatiorof loggerhead
turtles. The individual estimatesarefrom the sumof theindividual OLS regressionsandthe mixed modelestimates
arefrom the sumof the BestLinearUnbiasedPredictordor eachbeach.

7.2 Leatherbacks

For leatherbacksve treatedthe datafrom the Virgin Islands,SouthAmerica,andFlorida as
separatgroups,or populations.For the Virgin IslandsandFlorida we examineddatafrom 1979
on, but useddatafrom 1987on for SouthAmericabecaus®f changesn local fishingpolicy.

For theUS Virgin Islandsite, we carriedout a simplelinearregressioron thelog transformed
nestdo estimateheinstantaneousateof populationchange Theestimatevas0.078(s.e.=0.014).
For theFloridasites,
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Figure4: Plotsof log transformedhestcountsfor the beachesn the Floridapopulationof leatherbackurtles. Each
pointis anobsenation,thesolid line is the ordinaryleastsquaredit, andthe dashedine is the BLUP from the mixed
model. The mixedmodelfits comefrom a modelthatassumes commonerrorvarianceamongbeaches.
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For SouthAmerica,
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Figure5: Plotsof log transformednestcountsfor the beachesn the South Americanpopulationof leatherback
turtles. Eachpointis anobsenation, the solid line is the ordinaryleastsquaredit, andthe dashedine is the BLUP
from the mixed model. The mixed modelfits comefrom a modelthat assumes commonerror varianceamong

beaches.
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We alsodisplaythe estimatedotal numberfor the northernand southernpopulationsof log-
gerheador the surveyed beachegFig. 6). In theseplots, we summedthe predictednumbersin
theindividualregressiong@ndthe mixedmodelsestimateso estimatehetotalnumberin theareas

surweyed.
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Figure 6: Plots of predictednestcountsfor the beachesn the Florida and South America subpopulationof
leatherbacKkurtles. The individual estimatesare from the sum of the individual OLS regressionsand the mixed
modelestimatesarefrom the sumof the BestLinearUnbiasedPredictordor eachbeach.

7.3 Limitations of theanalysis

This studywaslimited by theinability to accesshe raw datato assesslay by day countsand
effort. Futureanalysesvould be muchmorereliableif suchdatawasmadeavailable.
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